
Title Performance characterization of a battery-less NFC sensor for
museum artifact monitoring

Authors Gawade, Dinesh R.;Kumar, Sanjeev;Simorangkir, Roy
B. V. B.;O'Callaghan, Brendan;Iacopino, Daniela;Rather,
Nadeem;O'Flynn, Brendan;Buckley, John L.

Publication date 2023-07-03

Original Citation Gawade, D. R., Kumar, S., Simorangkir, R. B. V. B., O'Callaghan,
B., Iacopino, D., Rather, N., O’Flynn, B. and Buckley, J. L. (2023)
‘Performance characterization of a battery-less NFC sensor
for museum artifact monitoring’, 2023 34th Irish Signals and
Systems Conference (ISSC), Dublin, Ireland, pp. 1-7. doi: 10.1109/
ISSC59246.2023.10162126

Type of publication Conference item

Link to publisher's
version

10.1109/issc59246.2023.10162126

Rights © 2022, IEEE. Personal use of this material is permitted.
Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this
material for advertising or promotional purposes, creating new
collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.

Download date 2026-11-07 02:49:58

Item downloaded
from

https://hdl.handle.net/10468/14714

https://hdl.handle.net/10468/14714


Performance Characterization of a Battery-less
NFC Sensor for Museum Artifact Monitoring

Dinesh R. Gawade†, Sanjeev Kumar†, Roy B. V. B. Simorangkir†, Brendan O’Callaghan§, Daniela Iacopino†,
Nadeem Rather†, Brendan O’Flynn†, John L. Buckley†,

†Tyndall National Institute, University College Cork, Dyke Parade, T12R5CP, Cork, Ireland.
§Microelectronic Circuits Centre Ireland (MCCI), Tyndall National Institute, Dyke Parade, T12R5CP, Cork, Ireland.

E-mail: dinesh.gawade@tyndall.ie

Abstract—This paper presents the performance of a battery-
less near field communication (NFC) sensor for museum artifact
monitoring. The radio frequency (RF) receiver sensitivity of the
NFC sensor was measured using a commercial Tagformance
measurement system. To respond to read commands, the NFC
sensor requires a minimum magnetic field strength of 67.8 mA/m
in free space, and 87.6 mA/m after integration within an archive
box typically used for cultural heritage artifact storage. The
integrated NFC loop antenna has a -3 dB bandwidth of 1.16 MHz
in free space and 1.14 MHz bandwidth when integrated within the
archive box. These measured RF sensitivity and -3 dB bandwidth
values are in close agreement with the ISO/IEC 15693 standard.
This work demonstrates a DC power consumption of 597 µW
which is shown to be the lowest value compared to the state-of-
the-art literature. In addition, the wireless communication range
of approximately 5 cm was achieved which compares favourably
with the maximum read ranges reported in literature. The
developed NFC sensor has been deployed in European museums
for wireless monitoring of valuable artifacts.

Index Terms—battery-less NFC sensor, cultural heritage ob-
jects, energy harvesting; HF-RFID, museum artifacts monitoring,
NFC sensor characterization, Voyantic Tagformance.

I. INTRODUCTION

Museum artifacts and cultural heritage objects are prone
to rapid deterioration due to exposure to unstable climatic
conditions and environmental pollutants. This is particularly
true for historic papers and documents containing iron gall ink,
which are vulnerable to damage from even small fluctuations
in temperature and humidity [1]. However, many valuable ar-
tifacts and documents are stored in museum buildings without
proper climate control mainly because modern air conditioning
and Heating, ventilation, and air conditioning (HVAC) systems
are complex and expensive to implement. Therefore, monitor-
ing the microclimatic conditions in a museum is crucial for
preventive conservation, even in areas with climate control
[1]–[4]. For instance, real-time monitoring of temperature and
humidity can help museum owners prevent artifact degradation
caused by factors such as shrinkage or mold growth.

Due to the increasing number of Internet of Things (IoT)
applications, the last few years have witnessed a significant
advancement in the development of battery-less wireless sens-
ing devices [5], [6] and many of these IoT applications (e.g.,
museum artifacts monitoring) require low or no maintenance
cost [7]. In addition, the advancement in low to ultra-low
power electronics systems [7] and sensors has steered the

Fig. 1. Block diagram of the NFC sensor characterization setup.

rapid growth of battery-less wireless sensing devices, partic-
ularly those based on radio-frequency identification (RFID)
and near field communication (NFC) technologies [8]. In
recent years, the market for NFC technology has increased
significantly due to the incorporation of NFC reader capabil-
ity within smartphones [9]. Currently, NFC technology not
only enables contact-less payments, but also enables passive
wireless measurement of multiple parameters, including soil
moisture [10], [11], fruit quality [12], [13], long-term building
structural health monitoring [14], gas monitoring [15], cattle
health parameter monitoring [16] and environmental parameter
monitoring [10], [17], to name a few.

However, only a few research articles have reported on the
characterization of key parameters of NFC sensor transpon-
ders, such as radio frequency (RF) receiver sensitivity, -3
dB bandwidth, quality factor (Q), as well as wireless com-
munication performance of the sensor [18]–[21]. Effective
analysis and optimization of such key performance parameters
is crucial for battery-less sensing applications, for instance,
monitoring of health related parameters [22] and museum
artifacts [23].

This paper presents the performance characterization of
a battery-less NFC sensor transponder using an an industry
standard Tagformance Pro measurement system from Voyantic
Ltd, Finland [24]. The key measurement parameters include
RF receiver sensitivity (i.e., the RF power required for the
NFC sensor to be able to respond to the command), DC power
consumption and wireless communication range.



Fig. 2. Battery-less NFC sensor and smart archive box [26].

Fig. 1 shows the block diagram of the NFC sensor character-
ization setup, which includes Tagformance Pro, NFC reader
Antenna (Part Number: C145), distance control kit and a
computer with an appropriate software interface, i.e., Tagfor-
mance HF. As reported in Tagformance’s technical manual
[25], the NFC reader (C145) sends commands to the sensor
transponder by modulating the carrier signal. The transponder
then reflects the signal back by using load modulation. To
assess the NFC sensor’s performance, dedicated commands
such as Inventory and Read Single Block defined by ISO/IEC
14443 and ISO/IEC 15693 standards are used. The Tagfor-
mance tool sends these commands and acts as a time-domain
network analyzer while providing a carrier signal for the
transponder and recording its response. The software interface
on a computer is used to visualize the measured parameters
as shown in Fig. 1.

The paper is structured as follows: Section II briefly de-
scribes the developed NFC sensor and the smart archive box
which was utilized for characterization. The results of the
NFC sensor measurements are presented in Section III and
discussed in Section IV. Finally, Section V concludes the paper
by summarizing the key findings of this work.

II. BATTERY-LESS NFC SENSOR TRANSPONDER AND
SMART ARCHIVE BOX

In previous work [26], the authors have reported on a
smart museum archive box that featured a fully integrated

wireless-powered temperature and humidity sensor. This sen-
sor was designed to monitor historical, valuable, and paper-
based cultural heritage objects. Fig. 2(a) shows the hardware
prototype of the developed solution, which is implemented in
a PCB configuration with dimensions of 85.60 mm × 53.90
mm. The inductive NFC coil antenna is designed with 7
turns, a trace width (TW) of 0.6 mm, a turn spacing (TS)
of 0.75 mm, and a copper thickness (tCU) of 35 µm. This
results in a measured inductance of 6.5 µH at 13.56 MHz
[26]. The NFC radio transceiver has an integrated capacitance
that connects to the loop antenna to create a parallel LC
circuit. This circuit has a resonant frequency of 13.56 MHz.
In addition, the Fig. 2(a) also shows the microcontroller
(MCU), temperature and humidity sensor (Temp and RH), low
dropout voltage regulator (LDO), and programming interface,
the functionalities of which were discussed by the author in
[23]. Furthermore, in previous work [23], [26], the authors
reported that the total DC power consumption of electronic
components, including the MCU, LDO, and temperature and
humidity sensor, amounted to 11.07 mW based on the power
consumption values specified in their respective datasheets.
Specifically, the MCU alone accounted for 8.1 mW, which
represented 73.17% of the overall power consumption of the
NFC sensor. As such, the optimization of the MCU’s DC
power consumption is the primary focus of this study.

The design uses a 4-layer PCB stack-up with a thickness
of 0.8 mm, and all the electronic components are placed
on the top layer to enable a planar structure that can be
easily integrated into the cardboard archive box later on
as discussed in [26]. The low power consumption of the
NFC sensor, i.e. 597 µW yields a wireless communication
range of approximately 5 cm in free space using a Samsung
Galaxy S20 smartphone, as previous reported [23], [27]. Fig.
2(b) demonstrates wireless power transfer and communication
between the same smartphone and the NFC sensor that was
integrated within an archive box. In this case, a wireless
communication range of 3.5 cm was achieved when the NFC
sensor was integrated within the archive box and the range
was measured from the outside, as shown in Fig. 2(b).

Fig. 3. NFC sensor characterization in free space using Voyantic Tagformance.



Fig. 4. Measured receiver sensitivity, -3dB bandwidth and fC.

III. RESULTS

This section discusses the measurement and characterization
of the battery-less NFC sensor transponder in two scenarios,
(a) in free-space and (b) after integration within the archive
box. Fig. 3 shows the measurement setup for characterizing
the performance of the sensor in free-space using a Voyantic
Tagformance. Note that the same measurement setup and
method were used to characterize the sensor performance
for the second scenario i.e., after integrating the sensor into
the archive box. The key performance parameters include
RF receiver sensitivity, wireless communication range using
Tagformance and NFC-enabled smartphone and DC power
consumption.

A. RF Receiver Sensitivity Measurement

The RF receiver sensitivity of the NFC sensor was measured
by performing a transmit power sweep from -10 dBm to + 25
dBm in the frequency range of 10 MHz to 20 MHz. In order
to measure the RF sensitivity, the wireless communication
distance between the reader antenna (C145) and the NFC
sensor was set at 3 cm in both scenarios, i.e. NFC sensor
in free space and after integration within the archive box. Fig.
4 shows the measured RF receiver sensitivity result. In free
space, the NFC sensor requires a minimum magnetic field
strength HMIN of 67.8 mA/m at 13.74 MHz to be able to
respond to the reader command from the reader and ensures
the NFC sensor is readable by the reader. On the other hand,
when the NFC sensor was integrated within the archive box,
the NFC sensor requires a minimum magnetic field strength
HMIN of 87.6 mA/m at 13.59 MHz. The Tagformance software
algorithm then calculates the centre frequency fC and quality
factor (Q) of the NFC sensor with the help of the measured
HMIN. As defined in the Tagformance technical manual [25],
the threshold value of

√
2HMIN is used by the Tagformance

software algorithm to calculate the minimum frequency fMIN
and maximum frequency fMAX. It is evident from Fig. 4 that
the calculated fC in free space is 13.74 MHz.

TABLE I
COMPARISON OF THE NFC SENSOR PERFORMANCE PARAMETER WITH

ISO15693.

Within

Parameter Free-space archive ISO 15693

box specification

HMIN (mA/m) 67.8 87.6 150 [28]

fC (MHz) 13.74 13.59 13.56 [28]

Q at fC 11.80 11.91 NA

−3 dB BW (MHz) 1.16 1.14 0.908 [28]

However, after integration within the archive box, the calcu-
lated centre frequency fC

′
is 13.59 MHz, which is close to

the required centre frequency of 13.56 MHz with a difference
of 30 kHz. The centre frequency (also referred to as resonant
frequency, fR, in this case) of the NFC sensor was decreased
by 0.15 MHz after integration within the archive box (fC-fC

′
).

This reduction in the fR can be described by the expression
shown in Equation 1.

fR =
1

2π
√
L(CIC + CP + CT)

(1)

Where, L is the inductance of the NFC loop antenna in
Henrys and CIC is the internal capacitance of the NFC radio
in Farads. Parameter CP is the parasitic capacitance, which
mainly includes the parasitic capacitance of the loop, and CT
is the external capacitor that may be required to adjust the fR
to the operation frequency. The placement of the archive box
close to the NFC sensor increases the inter-turn capacitance
(CP) of the NFC loop antenna [29]. This leads to reduction in
the resonant frequency from Equation 1.

Fig. 5. Wireless communication range measurement.



Fig. 6. Measured DC power consumption with voltage and frequency scaling

The Tagformance software algorithm uses the expression
shown in Equation 2 to calculate the quality factor (Q) and
-3 dB bandwidth (BW) of the NFC sensor [29], [30]. The
measured and calculated performance parameters of the NFC
sensor are summarized in Table I.

Q =
fC

BW
=

fC
fMAX − fMIN

(2)

The comparison in Table I shows that the performance of
the developed NFC sensor is in agreement with the ISO/IEC
15693 air interface and initialization specification [28].

B. Wireless Communication Range Measurement using Tag-
formance

As shown in Fig 3, a distance control kit within the
Tagformance pro was used to automatically adjust the wireless
communication range. In this measurement, the Tagformance
was configured with the following parameters: (a) Wireless
communication range sweep = 1 cm to 18 cm with a resolution
of 0.1 cm, (b) Transmit power level = + 25 dBm, (c) Modula-
tion Index = 100 %, (d) Command = Read single block, and
(e) centre frequency fC = 13.74 MHz for free space and 13.59
MHz for after archive archive box integration scenario. For
all wireless communication range distance settings, i.e. from
1 cm to 18 cm, the received signal strength (also referred
to as load modulation or load modulated signal) of the NFC
sensor was recorded. In this case, the load modulation is a
modulated carrier signal that is reflected or returned from the
NFC sensor in response to the “read single block” command.
The measured wireless communication range of the NFC
sensor is a function of received signal strength as shown in
Fig. 5. It is evident from Fig. 5 that a wireless communication
range of approximately 17.5 cm for the free space case and
16.1 cm for the archive box integration case was achieved.

Note that the above 16.1 cm range does not include the inner
wall thickness of the archive box of approximately 1.5 cm.

C. Wireless Communication Range Measurement using Smart-
phone

The wireless communication range of the NFC sensor was
also measured using a Samsung Galaxy S20 smartphone. The
low power consumption of the NFC sensor i.e., 597 µW yields
a wireless communication range of approximately 5 cm in
free space (discussed in next subsection) [23], [27]. Using the
same smartphone, a wireless communication range of 3.5 cm
was achieved when the NFC sensor was integrated within the
archive box and the range was measured from the outside, as
shown in Fig. 2.

D. DC Power Consumption

In order to decrease the harvested DC power consumption
of the developed NFC sensor, voltage and frequency scaling
techniques have been employed [26], [44]. As reported in
previous works [23], [26], [44], the strength of the magnetic
field between two mutually-coupled coils (i.e., the Smartphone
Coil and NFC sensor coil) decays proportionally to the cube
of the distance between them. This implies that the available
RF power harvested by the NFC sensor is limited for a
given distance from the Smartphone. Therefore, the DC power
consumption of the NFC sensor has been optimized for low
power operation as described below. Fig. 6 summarizes the
measured DC power consumption as a function of MCU
voltage and clock frequency. As depicted in Fig. 6, a measured
DC power consumption of 12.01 mW was observed at the first
design iteration with the following clock and voltage settings:
Supply voltage (VDD) = 3.3 V, MCU core voltage (VCORE) =
1.8 V, MCU clock source = high speed internal (HSI) RC
oscillator, CPU clock (fCLK) = 16 MHz and I2C core input
clock (fI2C) = 16 MHz.



TABLE II
COMPARISON OF WIRELESS TECHNOLOGY TECHNICAL PARAMETERS.

A B C D E F G H

Ref. RFID Integrated MCU clock Tag Coil DC Power Range Sensing parameters

air interface processing unit (MHz) size (mm) consumption (mW) (cm)

[9] ISO14443 No 1 12×16 1.74 0.8 Pressure

[31] ISO14443 No 1 26 1.72 1 Skin moisture and UV light

[32] ISO14443 No 1 26 NA 1 Skin moisture

[33] ISO14443 No NA 35x25 1.8 1 ECG and sweat pH

[34] ISO14443 No NA 10×5 0.9 1 Arterial SPO2 and Temp

[35] ISO15693 No 1 25x25 NA 1.4 Moisture

[13] ISO15693 No 1 50x50 5.29 1.8 pH

[36] ISO14443 No NA 43×58 4.45 1.9 Carbon dioxide

[11] ISO15693 No 1 50x50 3 2 Soil moisture, RH and Temp

[12] ISO15693 No 1 50x50 5.29 2 Color

[37] ISO14443 Yes NA 45×30 NA 2 Ascorbic acid

[38] ISO15693 No 1 50x50 8 1.9 Color

[39] ISO15693 Yes NA 70x70 NA 3 pH

[40] ISO15693 Yes NA 34×46 1.3 3 Blood flow

[41] ISO15693 No 1 35×35 2.1 3 Water minerals

[42] ISO15693 Yes NA 25x35 NA 4 pH

[43] ISO15693 Yes NA 26×26 NA 4.3 Strain and Temp

This Work ISO15693 No 0.524 49×59 0.597 5 Temp and RH

In the second iteration, VDD was reduced to 1.8 V (with VCORE
= 1.8 V, MCU clock source = HSI, fI2C = 16 MHz and fI2C =
16 MHz) reducing the DC power consumption to 6.18 mW.
Further, design iterations changed the clock source to use a
low power multi-speed internal (MSI) RC oscillator, reducing
the clock frequency and core voltage as shown in Fig 6. The
lowest DC power consumption was achieved at fCLK = 0.524
MHz, fI2C = 1.024 MHz, MCU clock source = MSI, VCORE
= 1.2 V, and VDD = 1.8 V. The final optimized NFC sensor
has a measured DC power consumption of approximately
597 µW when the smartphone was placed at a distance of
approximately 2 cm from the NFC sensor. As shown in Fig.
6, the use of the described frequency and voltage scaling
techniques enable a factor of greater than 20 % reduction in
DC power consumption for the NFC temperature and humidity
sensor.

IV. DISCUSSION

This section discusses the performance evaluation and prac-
tical deployment of the developed battery-less NFC sensor in
a museum.

A. Performance Evaluation

Table II shows a performance comparison of the developed
NFC sensor transponder with the current state-of-the-art from
relevant literature and highlights the achieved performance
improvements compared to the literature. Table II column
F shows the overall DC power consumption of battery-less

NFC sensor transponders that included a microcontroller as a
processing unit exceeds a value of 0.9 mW. In addition, it is
evident from Table II (column G) that a wireless communi-
cation range of the NFC sensor transponder that included a
microcontroller is reported less than 3 cm. It is known [45],
[46] that magnetic field strength decays proportionally to the
cube of the distance between two mutually-coupled coils [26].
Therefore, in order to reduce overall DC power consumption
and increase the communication range, the MCU clock fre-
quency (fCLK) of over half of the NFC sensor transponders
reported in Table II was decreased and set to 1 MHz (also
referred to as the frequency scaling technique). The overall
power consumption also can be reduced by decreasing the
CPU core voltage (VCORE) of the MCU (also referred to as
a voltage scaling technique) [26]. It is evident from the table
that the DC power consumption (0.597 mW) achieved in this
work is the lowest reported in the literature. In addition, the
wireless communication range (5 cm) of the developed NFC
sensor is the largest compared to the state-of-the-art literature.
Note that Table II is sorted in increasing order of wireless
communication range in column G.

B. Practical Deployment of NFC Sensor in a Museum

This subsection describes the deployment of the developed
smart archive box with integrated NFC sensor in Cork Public
Museum (CPM), Cork, Ireland. This museum was established
in 1910 and houses more than 40 thousand artefacts.



Fig. 7. Deployment at CPM, Ireland (a) smart archive box, (b) measurement

Fig. 8. Deployment of NFC sensor at Guggenheim museum, Venice, Italy.

Fig. 7 (a) shows the deployed smart archive box in the
storage facility of the museum. Fig 7 (b) demonstrates the
NFC sensor being wirelessly powered and read using a
Samsung Galaxy S20 smartphone. When placed within a
distance of 5 cm of the sensor, the smartphone enables
passive measurement of temperature and relative humidity
and additional metadata to be read wirelessly. In addition, the
NFC sensor was also deployed at the Guggenheim Museum
Venice, Italy to monitor interior temperature and relative
humidity of the historic Andy Warhol’s “Flowers” which was
painted in 1964. Fig 8 shows the NFC sensor integration
within the painting frame.

V. CONCLUSIONS

This paper presents the performance characterization of
a battery-less NFC sensor transponder for museum artifact
monitoring. The RF receiver sensitivity of the developed NFC
sensor was measured using a commercial Tagformance Pro
measurement system. The NFC sensor required a minimum
magnetic field strength HMIN of 67.8 mA/m at 13.74 MHz
in free space, and 87.6 mA/m at 13.59 MHz when the NFC
sensor was integrated within an archive box. In addition, the
−3 dB bandwidth of the NFC loop antenna was calculated
to be 1.16 MHz and 1.14 MHz respectively for free-space
and archive box integration scenarios. The key performance
parameters, such as RF receiver sensitivity, centre frequency
and bandwidth of the developed NFC sensor were shown to
be in close agreement with ISO/IEC 15693 specification. The
NFC sensor was also optimized for low power operation using
voltage and frequency-scaling techniques for the microcon-
troller. The power optimization resulted in a peak DC power
consumption of 597 µW, which is the lowest value found in
the literature. Wireless communications performance tests on
the prototype sensor in free space achieved a maximum range
of 5 cm with a Samsung Galaxy S20 smartphone and 17.5 cm
using the Tagformance pro measurement system. Finally, the
developed NFC sensor transponder was successfully deployed
in Cork Public Museum, Ireland. In addition, to monitor
interior microclimatic condition of the historic Andy Warhol’s
“Flowers” which was painted in 1964, the NFC sensor was
also deployed at the Guggenheim Museum, Venice, Italy.
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